Hematopoietic progenitor cells (HPCs) normally reside in the bone marrow (BM) but can be mobilized into the peripheral blood (PB) after treatment with GCSF or chemotherapy. In previous studies, we showed that granulocyte precursors accumulate in the BM during mobilization induced by either GCSF or cyclophosphamide (CY), leading to the accumulation of active neutrophil proteases in this tissue. We now report that mobilization of HPCs by GCSF coincides in vivo with the cleavage of the N-terminus of the chemokine receptor CXCR4 on HPCs resident in the BM and mobilized into the PB. This cleavage of CXCR4 on mobilized HPCs results in the loss of chemotaxis in response to the CXCR4 ligand, the chemokine stromal cell-derived factor-1 (SDF-1/CXCL12). Furthermore, the concentration of SDF-1 decreased in vivo in the BM of mobilized mice, and this decrease coincided with the accumulation of serine proteases able to directly cleave and inactivate SDF-1. Since both SDF-1 and its receptor, CXCR4, are essential for the homing and retention of HPCs in the BM, the proteolytic degradation of SDF-1, together with that of CXCR4, could represent a critical step leading to the mobilization of HPCs into the PB in response to GCSF or CY.
Introduction
Hematopoietic stem and progenitor cells (HPCs) ensure the continuous renewal of mature blood cells. This rare population of cells has the unique property to engraft the bone marrow (BM) after lethal irradiation or chemotherapy and to fully reconstitute both the hematopoietic and immune systems (1) . Until the early 1990s, hematopoietic rescue of patients receiving myeloablative chemotherapies was performed almost entirely with aspirates of BM as a source of transplantable HPCs. Currently, however, the great majority of transplants are performed using peripheral blood (PB) as a source of reconstituting cells. Although HPCs circulate at low to undetectable levels in steady-state PB, perturbations of the hematopoietic system, such as those resulting from myeloablative chemotherapy (2) , or the administration of cytokines such as GCSF (3) lead to transient increases in the numbers of circulating HPCs, a phenomenon termed mobilization (4) . The use of mobilized PB hematopoietic progenitor cells (PBPCs) is associated with more rapid engraftment, decreased morbidity, and reduced costs as compared with BM transplantation, all of which have contributed to the decline in the utilization of BM as a source of HPCs (4) . Despite the now widespread use of mobilized PBPCs (around 30,000 transplants per year worldwide), the mechanisms that contribute to mobilization of primitive HPCs remain poorly understood.
The homing and retention of HPCs in the BM are controlled by adhesive interactions between HPCs and the BM stroma (5) (6) (7) (8) . The interaction between VCAM-1/CD106, which is expressed by BM stromal cells, and its counter-receptor integrin α4β1 or very late antigen-4 (VLA-4) expressed at the surface of HPCs is critical to the homing and retention of HPCs in the BM. Homozygous targeted deletion of the integrin α4 gene results in decreased hematopoiesis in the fetal liver of day 11 or 12 mouse embryos and decreased homing of myeloid and B lymphoid precursors in the spleen and BM in day 18 embryos (6, 9). In adult mice, pretreatment Hematopoietic progenitor cells (HPCs) normally reside in the bone marrow (BM) but can be mobilized into the peripheral blood (PB) after treatment with GCSF or chemotherapy. In previous studies, we showed that granulocyte precursors accumulate in the BM during mobilization induced by either GCSF or cyclophosphamide (CY), leading to the accumulation of active neutrophil proteases in this tissue. We now report that mobilization of HPCs by GCSF coincides in vivo with the cleavage of the N-terminus of the chemokine receptor CXCR4 on HPCs resident in the BM and mobilized into the PB. This cleavage of CXCR4 on mobilized HPCs results in the loss of chemotaxis in response to the CXCR4 ligand, the chemokine stromal cell-derived factor-1 (SDF-1/CXCL12). Furthermore, the concentration of SDF-1 decreased in vivo in the BM of mobilized mice, and this decrease coincided with the accumulation of serine proteases able to directly cleave and inactivate SDF-1. Since both SDF-1 and its receptor, CXCR4, are essential for the homing and retention of HPCs in the BM, the proteolytic degradation of SDF-1, together with that of CXCR4, could represent a critical step leading to the mobilization of HPCs into the PB in response to GCSF or CY.
of wild-type HPCs with function-blocking anti-VLA-4 mAbs results in a profound reduction of donor HPCs homing to the BM of lethally irradiated recipients (10) . Administration of function-blocking anti-VLA-4 and anti-VCAM-1 mAbs in rodents and nonhuman primates elicits HPC mobilization, suggesting an important role for these two molecules in mobilization (10) (11) (12) . Recently, we have demonstrated that VCAM-1 expression is profoundly decreased in the BM of mice mobilized with GCSF or the chemotherapeutic cytotoxic drug cyclophosphamide (CY) and that the decreases in VCAM-1 expression and HPC mobilization are synchronized with the accumulation within the BM of neutrophil proteases that directly cleave VCAM-1 (13, 14) .
A second pathway critical to the homing and retention of HPCs within the BM is the CXCR4/CXCL12 chemotactic axis. In vitro, the chemokine stromal cell-derived factor-1 (SDF-1/CXCL12) is a potent chemoattractant for primitive BM CD34 + CD38 -cells that include candidate hematopoietic stem cells and express the CXCL12 receptor CXCR4 (15) (16) (17) . CXCL12 is produced by the BM stroma and bone tissue as two isoforms, α and β, which differ by a four-residue extension at the C-terminus in the β isoform, and it is thought to form a decreasing gradient from the extravascular compartment of the BM toward the lumen of vessels irrigating this tissue (18) . CXCL12 plays a key role during ontogeny of the hematopoietic system in inducing the migration of primitive HPCs from the fetal liver to the BM during fetal development (19, 20) . In addition, in the adult, CXCL12 has been shown to promote engraftment of transplanted HPCs in the BM and subsequent hematopoietic reconstitution (21) . The chemotactic effects of CXCL12 are mediated by the G protein-linked receptor CXCR4, which upon ligand binding activates integrinmediated firm adhesion and transmigration of HPCs through the BM endothelium (15, 16, 22) .
Several groups, including our own, have proposed that the release of primitive hematopoietic cells into the peripheral circulation is the result of perturbation of adhesive interactions with BM stromal cell elements, which under steady-state conditions restrict these cells to the BM. We therefore hypothesized that the administration of mobilizing agents such as GCSF or the chemotherapeutic agent CY leads to the inactivation of the CXCL12/CXCR4 chemotactic pathway in the BM, thereby facilitating their egress into the circulation (mobilization).
Methods

Mobilization of human patients and donors.
Patients and healthy donors were mobilized by subcutaneous injection of 3 µg/kg of recombinant human GCSF (Filgastrim, Amgen Inc., Thousand Oaks, California, USA) once daily for 4 consecutive days or 5 µg/kg twice daily for 5 consecutive days.
Analysis of human CXCR4 degradation by immunofluorescence. Low-density mononucleated cells from BM aspirates from normal donors and from the PB of GCSF-mobilized patients were isolated by centrifugation on a Ficoll-Hypaque (Amersham Pharmacia, Buckinghamshire, United Kingdom). Following three washes, cells were incubated on ice in the presence of 9 µg/ml mouse anti-human CXCR4 6H8 (IgG1), a mAb specific for an epitope located between residues 22 and 25 of human CXCR4 (23, 24) , and 10 µg/ml mouse antihuman CD34 mAb 43A1 (IgG3). After two washes, cells were incubated with 1:200 dilutions of a biotinylated goat anti-mouse IgG3 and a phycoerythrin-conjugated (PE-conjugated) goat anti-mouse IgG1 (Southern Biotechnology, Birmingham, Alabama, USA). After two washes, cells were incubated with a 1:200 dilution of FITC-conjugated streptavidin (BD Pharmingen, San Jose, California, USA), washed, and analyzed by two-color flow cytometry. Alternatively, cells were labeled with 12G5, a mouse anti-human CXCR4 specific for the second extracellular domain (23, 24) . For this purpose, cells were incubated with PE-conjugated 12G5 (R&D Systems, Minneapolis, Minnesota, USA) and FITC-conjugated mouse anti-human CD34 antibody HPCA-2 (BD Pharmingen), washed, and analyzed on a FACScan flow cytometer (Becton-Dickinson, Mountain View, California, USA).
Proteolytic cleavage of CXCR4 by purified neutrophil proteases was performed using the acute B lymphoid leukemia cell line Nalm-6 or normal BM CD34 + cells. Nalm-6 cells in the exponential phase of culture or freshly isolated BM CD34 + cells were washed three times in DMEM containing 0.2% BSA and resuspended at 5 × 10 6 cells per milliliter. One hundred-microliter aliquots were mixed with increasing concentrations of neutrophil elastase (NE) and cathepsin G (CG) purified from human sputum (Elastin Products, Owensville, Missouri, USA) and incubated for 2 hours at 37°C with rotational shaking (240 rpm). After digestion, all subsequent steps were performed on ice with ice-cold buffers. Cells were washed once with PBS containing 5% FCS and incubated for 20 minutes with DMEM containing 10% FCS and 10 µg/ml purified human immunoglobulins to block Fc receptors. Cells were then incubated for 40 minutes in the presence of 9 µg/ml mAb 6H8. After two washes, cells were incubated with FITC-conjugated sheep F(ab)′2 fragment anti-mouse IgG (Silenus Labs, Boronia, Australia). Alternatively, after protease treatments, cells were labeled with PE-conjugated 12G5. After two washes, cells were resuspended in the presence of 20 µg/ml 7-amino actinomycin D. Results were expressed as a percentage of 6H8 or 12G5 binding on untreated cells according to the following formula: 100 × (MFI +protease -MFI IgG1 )/(MFI no protease -MFI IgG1 ), in which MFI +protease is the mean fluorescence intensity (MFI) of proteasetreated Nalm-6 labeled with 6H8/12G5, MFI no protease is the MFI of cells labeled with 6H8/12G5 without protease treatment, and MFI IgG1 is the MFI of cells labeled with a nonimmune IgG1.
Immunohistochemistry on human BM sections. Trephines were taken from the iliac crest of healthy donors before and on day 4 of GCSF administration and were formalin fixed, decalcified, and paraffin embedded as previously described (25) . After dewaxing in xylene and ethanol, slides were rehydrated with ethanol containing increasing proportions of water and blocked for 2 hours at room temperature with PBS containing 0.05% Tween-20 (PBST), 5% goat serum, and 10 µg/ml purified goat IgG (blocking buffer). Slides were then incubated overnight at 4°C with 5 µg/ml 6H8 or nonimmune mouse IgG1 in blocking buffer. After four washes with PBST, slides were incubated for 2 hours with a 1:200 dilution of human-adsorbed biotinylated goat anti-mouse IgG (Caltag Laboratories, Burlingame, California, USA) in blocking buffer. After four washes in PBST, slides were incubated for 1 hour in a 1:400 dilution of alkaline phosphatase-conjugated streptavidin (Amersham Pharmacia). Slides were then stained with fast red in the presence of levamisole and naphtol phosphate as previously described (13) and mounted with Aquamount (BDH Chemicals, Kilsyth, Australia).
Mobilization of mice. Eight-to 11-week-old female balb/C mice were mobilized according to three distinct protocols. In the first protocol, GCSF alone, mice were injected subcutaneously twice daily with 250 µg/kg recombinant human GCSF (Filgrastim, Amgen Inc.) for 6 consecutive days. In the second protocol, CY alone, mice received a single intraperitoneal injection of 200 mg/kg CY (Cycloblastin, Pharmacia and Upjohn, Rydalmere, Australia). In the third protocol, CY plus GCSF, mice received a single intraperitoneal injection of CY on day 0 (as in the second protocol) and were injected subcutaneously twice daily with 250 µg/kg GCSF for the following 5 days. Some mice were then left to rest after day 6 to be sacrificed on day 10. Control mice were either not injected or were injected with an equivalent volume of saline according to the same schedule. At indicated times, mice were sacrificed by cervical dislocation, and PB, spleens, and femurs were collected as previously described (13) . Clonogenic assays to measure the number of CFCs mobilized into the PB were performed as previously described (13) .
Extraction of BM extracellular fluids and CXCL12 quantification. BM extracellular fluids were extracted from femurs into ice-cold PBS as previously described (13) . Each BM extracellular fluid was diluted with an equal volume of buffer and further analyzed in duplicates with the commercial human CXCL12 ELISA kit from R&D Systems. Calibration of the assay was performed with serial dilutions of recombinant human CXCL12α provided in the kit. The relation between optical density and CXCL12α concentration was linear from 34 to 5,000 pg/ml (P = 0.9997).
Digestion of synthetic human CXCL12α. Medium conditioned by either human BM CD34 -cells or PB neutrophils was prepared exactly as previously described (13) . Aliquots of synthetic human CXCL12α (kindly provided by Ian Clark-Lewis, University of British Columbia, Vancouver, Canada) at 20 µg/ml in Tris-buffered saline (pH 7.4) containing 5 mM CaCl 2 were incubated overnight at 37°C with an equal volume of BM extracellular fluids or conditioned medium or in the presence of 2 µg/ml NE, 10 µg/ml CG, or 2 µg/ml proteinase-3 purified from human sputum (Elastin Products). In some experiments, BM extracellular fluids were preincubated for 15 minutes at 37°C with either 0.5 mg/ml human α1-antitrypsin (Sigma-Aldrich, St Louis, Missouri, USA), 1 mM PMSF, 10 µM batimastat (BB-94) (British Biotech, Oxford, United Kingdom), 10 µM N-methoxysuccinyl-alanine-alanine-proline-valine-chloroform methylketone (MetOSucAla-Ala-Pro-Val-CMK; Calbiochem-Novabiochem, San Diego, California, USA), or 10 µM N-methoxysuccinylalanine-alanine-phenylalanine-PO(O-phenyl) 2 [MetOSuc-Ala-Ala-Phe-PO(Phe) 2 ; catalog number DAP-22, Enzyme Systems Products, Livermore, California, USA) before incubation with human CXCL12α.
Transmigration assays. The remaining chemotactic activity after digestion of synthetic human CXCL12α was measured using CD34 + cells freshly isolated from normal human BM (26) or Nalm-6 cells as previously described (27) . Cells (5 × 10 4 ) were plated in 8-µm pore transwell inserts (Corning Costar, Cambridge, Massachusetts, USA). Exogenous CXCL12α preincubated with the indicated mouse BM extracellular fluids was added in the lower chamber at a concentration corresponding to 200 ng/ml intact CXCL12α before digestion. After 4 hours at 37°C, the percentage of cells that had transmigrated to the lower chamber was determined by flow cytometry.
Analysis of CXCL12 degradation by Western blot. Degradation of CXCL12 was analyzed by Western blot after boiling 5-µl aliquots of digested synthetic human CXCL12α for 3 minutes in an equal volume of electrophoresis sample buffer containing 10 mM DTT. Samples were electrophoresed on a 20% polyacrylamide Tris-Trycine-SDS gel. Following transfer to nitrocellulose, membranes were blocked overnight in PBS containing 0.05% Tween-20 and 3% BSA. Membranes were then incubated sequentially in the presence of 100 ng/ml goat anti-human CXCL12α serum (R&D Systems), a 1:10,000 dilution of biotinylated donkey F(ab)′2 fragment anti-goat IgG (Jackson ImmunoResearch Laboratories Inc., West Grove, Pennsylvania, USA), and a 1:4,000 dilution of streptavidin-biotinylated horseradish peroxidase complex (Amersham Pharmacia) in blocking buffer and revealed by enhanced chemiluminescence.
Statistical analyses. Levels of significance were measured using Students' two-tailed non-paired t test.
Results
Mobilized human PB CD34 + cells express a truncated form of CXCR4.
Previous reports have shown that neutrophil proteases NE and CG accumulate in the BM of humans and mice mobilized with GCSF (13, 14) and that human CXCR4 is cleaved in vitro by purified NE (24) . This prompted us to determine whether CXCR4 expressed by HPCs could be cleaved in vivo during the process of mobilization in response to GCSF administration. In a first set of experiments, we analyzed the binding of the mAb 6H8, which is specific for residues 22-25 of human CXCR4 (23, 24) -a site located within the first N-terminal extracellular domain of CXCR4 -on acute B lymphoid leukemia cell line Nalm-6 after treatment with increasing concentrations of purified NE and CG. As shown in Figure 1a , both proteases induced a dosedependent reduction of 6H8 binding to Nalm-6 cells, whereas the binding of mAb 12G5, which recognizes an epitope located within the second extracellular domain of CXCR4 (23, 24) , was increased by 20% after treatment with NE and decreased by 40% after treatment with CG. These data confirm that both NE and CG can cleave between the 6H8 epitope and the first transmembrane domain of CXCR4, a cleavage known to inactivate the chemotactic properties of CXCR4 (23, 24) .
In a second set of experiments, we followed the binding of 6H8 and 12G5 mAbs to CD34 + cells isolated from steady-state BM and GCSF-mobilized PB ( Figure  1b) . Although all CD34 + cells isolated from steady-state BM were stained brightly by either 6H8 or 12G5 mAbs, CD34 + cells from GCSF-mobilized PB were characterized by a complete lack of 6H8 binding despite lower but still positive staining with 12G5. Overnight culture of purified CD34 + mobilized PBPCs resulted in reexpression of the 6H8 epitope (Figure 1b) . These data do not rule out the possibility that the partial decrease of 12G5 binding may be due to reduced transcription of the CXCR4 mRNA. However, the fact the mAb 6H8 failed to bind to mobilized CD34 + PBPCs that were still positive for 12G5 demonstrates that, like Nalm-6 cells treated in vitro with purified NE and CG, CD34 + PBPCs mobilized in vivo with GCSF express a truncated form of CXCR4 containing the second transmembrane domain but lacking at least the 25 N-terminal residues in the first extracellular domain.
Loss of CXCR4 N-terminus in GCSF-mobilized BM.
Immunohistochemical stains were performed with mAb 6H8 on human BM sections taken before and on day 4 of GCSF administration (Figure 2 ). Before GCSF administration, 6H8 binding was particularly strong in the endosteal region in the vicinity of trabecular bone, where the most primitive HPCs reside. On day 4 of GCSF administration, staining for 6H8 was greatly reduced, showing that the truncation of CXCR4 is not only seen on CD34 + cells once they are mobilized into the PB but also occurs in the BM when GCSF is administered.
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The GCSF-mobilized CD34 + PBPCs do not migrate toward CXCL12. The cleavage of the N-terminal CXCR4 by NE has previously been reported to reduce binding of CXCL12 to Jurkat T cells to undetectable levels and to abolish the chemotactic response to CXCL12 gradient in vitro (24) . We therefore examined the effect of exposure to NE or CG on the chemotactic response of steady-state BM CD34 + cells that expressed 6H8 epitope before in vitro exposure to proteases. Both NE and CG treatments resulted in the complete inhibition of CXCL12-driven chemotaxis of CD34 + progenitors (Figure 1c) , in good accord with our finding that treatment with either protease resulted in the complete loss of 6H8 epitope (Figure 1a) . Since GCSF-mobilized CD34 + PBPCs lack the 6H8 epitope (Figure 1b) , we then investigated the chemotactic response of freshly isolated CD34 + PBPCs to CXCL12. In contrast to the robust chemotactic response observed with CD34 + cells isolated from steady-state BM, GCSF-mobilized CD34 + PBPCs failed to respond to CXCL12 (Figure 1d) .
Decrease of CXCL12 concentration in mouse BM extracellular fluids during mobilization. We next investigated whether the CXCR4 ligand CXCL12 may be also be degraded in mobilized BM using the murine model in which we demonstrated accumulation of active NE and CG during mobilization of HPCs induced by GCSF or CY (13, 14) . For this purpose, balb/c mice were mobilized after injection of either GCSF alone, CY alone, or CY in combination with GCSF. At various time points, BM extracellular fluids were extracted, and the concentration of endogenous murine CXCL12 was determined by ELISA. Concentrations of CXCL12 in these BM extracellular extracts were significantly decreased on day 6 after administration of CY alone or CY plus GCSF (Figure 3a) . This corresponded precisely to the time at which HPCs were mobilized into the PB ( Figure  3b) . Similarly, in animals receiving GCSF alone, CXCL12 concentration in the BM was significantly decreased between days 2 and 6 of cytokine administration, again corresponding to the time of maximal HPC numbers in the PB. On day 10, CXCL12 concentrations in the BM returned to levels seen before the initiation of mobilization, and there was a concordant decrease in the number of circulating HPCs. It is interesting to note that on day 3 after injection of CY alone or CY plus GCSF, when mice are neutropenic and HPCs are not mobilized into the PB (14), CXCL12 concentration in the BM was significantly increased as compared with steady-state BM. Thus, CXCL12 levels in the BM are inversely related to the numbers of PBPCs in mice receiving three different mobilization regimens involving either a cytokine alone (GCSF), chemotherapy alone, or the combination of both.
BM fluids from mobilized mice contain proteases inactivating CXCL12. We have previously reported that active neutrophil proteases accumulate in the BM extracellular fluid during mobilization and that these proteases cleave VCAM-1, which is essential to the retention of HPCs in the BM (13, 14) . On the basis of this observation, we hypothesized that the decrease of endogenous CXCL12 concentration in the BM of mobilized mice could be due to proteolytic degradation. Since the BM from a 8-to 11-week-old mouse femur represents a total volume of 10 µl (approximately 90-95% cells and 5-10% fluid) and is flushed into 1 ml of PBS, our BM extracellular fluids were consequently diluted between 500 and 1,000 times during the extraction process. Since a concentration of at least 10 ng/ml CXCL12 is required to promote chemotaxis in CD34 + cells (16) , 400 pg of endogenous mouse CXCL12 contained within the BM of one femur and diluted into 1 ml of PBS represented a concentration too low to induce chemotaxis in vitro. Therefore, to assess the possibility that proteases cleaving and inactivating CXCL12 were released in mobilized BM, synthetic human CXCL12α (which is identical to mouse CXCL12α except for a Val to Ile substitution in position 18) was incubated at 37°C with the BM extracellular fluids extracted from mice at different time points of mobilization. The residual bioactivity of the exogenous synthetic human CXCL12α was subsequently evaluated in transmigration assays on CD34 + cells isolated from steady-state human BM and on Nalm-6 cells. BM extracellular fluids without exogenous CXCL12α were used to control basal transmigration. Synthetic CXCL12α preincubated in the presence of PBS was used as a positive control.
As anticipated, BM extracellular fluids in the absence of exogenous synthetic CXCL12α were unable to promote chemotaxis due to the 500-to 1,000-fold dilution of endogenous murine CXCL12 (Figure 4a , white bars), whereas exogenous synthetic human CXCL12α preincubated with either PBS or BM extracellular fluids from uninjected mice induced chemotaxis of human steady-state CD34 + BM cells (Figure 4a , black bars). However, preincubation of synthetic CXCL12α with BM extracts isolated between days 2 and 6 of GCSF mobilization completely inactivated the chemotactic activity of exogenous CXCL12α on CD34 + cells isolated from steady-state BM. Similarly, incubation of synthetic CXCL12α with BM extracts isolated on day 6 after injection of either CY or CY plus GCSF, when HPC mobilization peaked, completely inactivated the chemotactic activity of exogenous CXCL12α (Figure 4a) . Results on Nalm-6 cells showed the same result with a total inactivation of CXCL12α chemotactic activity after incubation with BM extracts taken between days 2 and 6 of GCSF-induced mobilization or on day 6 of CY-induced or CY plus GCSF-induced mobilization (data not shown).
When these digests were analyzed by immunoblotting, exogenous CXCL12α was no longer detectable after incubation with BM extracellular fluids from mice during HPC mobilization -that is, between days 2 and 6 of GCSF-induced mobilization (Figure 4a) and on day 6 of mobilization with CY alone (Figure 4b ) or in combination with GCSF (Figures 4c). On day 10, when mobilization had ceased (Figure 3b) , none of the BM extracellular fluids inactivated or degraded the exogenous CXCL12α (Figure 4) .
To assess whether this inactivation of exogenous CXCL12α was due to proteases present in the BM extracellular fluids, BM extracellular fluids extracted on day 4 of mobilization with GCSF were preincubated with human α1-antitrypsin (tissue inhibitor of serine proteases), PMSF (a serine protease inhibitor) or BB-94 (a broad specificity inhibitor of matrix metalloproteinases) (28, 29) before addition to synthetic CXCL12α. As shown in Figure 5 , pretreatment of GCSF-mobilized BM extracellular fluids with human α1-antitrypsin or PMSF completely abolished inactivation and degradation of exogenous synthetic CXCL12α in both transmigration assays and Western blots, whereas pretreatment with BB-94 had no effect. This result demonstrates that proteases released in mobilized BM and responsible for CXCL12α degradation and inactivation are serine proteases.
Neutrophils release in the BM proteases that inactivate CXCL12. To determine which cell population within the BM was responsible for the release of these proteases, synthetic human CXCL12α was incubated with media conditioned either by BM CD34 -mononucleated cells or PB neutrophils and further analyzed in transmigration assays and by Western blotting (Figure 6 ). Incubation with either PB neutrophil-conditioned or BM CD34 -cell-conditioned media abolished the chemotactic activity of exogenous synthetic CXCL12α. This result was confirmed by immunoblotting, which showed that these two conditioned media completely degraded CXCL12α.
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The In the top panel, samples (black bars) together with controls without exogenous CXCL12α were analyzed for chemotactic activity on Nalm-6 cells as described in Figure 4a . A representative experiment from two performed is shown. In the bottom panel, the same samples were analyzed by Western blot with a goat anti-human CXCL12 antibody. A representative experiment from two performed is shown.
In contrast, neither BM stromal cell-conditioned nor bone cell-conditioned media degraded CXCL12α (data not shown). This result demonstrates that neutrophils are a major source of proteases with the ability to degrade and inactivate CXCL12α. Active NE and CG cleave and inactivate CXCL12. Since NE, CG, and proteinase-3 are the three major serine proteases produced and released by neutrophils (30), we tested whether these enzymes were capable of inactivating the chemotactic activity of exogenous human CXCL12α as assessed using the CD34 + cell transmigration assay. These experiments demonstrated that both NE and CG inactivated CXCL12α, whereas proteinase-3, a neutrophil serine protease closely related to NE (30), did not ( Figure 6 ). In accord with this finding, CXCL12α was no longer detected by Western blot analysis after digestion with NE, suggesting that it was digested into small fragments. In contrast, after digestion with CG, CXCL12α exhibited a slightly faster electrophoretic mobility when overrun on a 20% SDS-PAGE (data not shown). These findings are consistent with the previous observation that CG cleaves CXCL12α between the fifth and sixth residues from the N-terminus, resulting in its complete inactivation (31) .
Combination of NE-and CG-specific inhibitors prevents inactivation of CXCL12 by mobilized BM extracellular fluids.
Proof that the proteases released in BM extracellular fluids during mobilization are NE and CG was provided by preincubating BM extracellular fluids on day 4 of GCSF-induced mobilization and day 6 of CY-induced mobilization with the specific NE inhibitor MetOSuc-Ala-Ala-Pro-Val-CMK and the specific CG inhibitor MetOSuc-Ala-Ala-Phe-PO(Phe) 2 . A preliminary experiment using NE and
Figure 6
Neutrophil proteases NE and CG cleave and inactivate CXCL12α. Aliquots of synthetic human CXCL12α were incubated overnight at 37°C in the presence of medium conditioned by either human BM CD34 -cells, PB neutrophils, or nonconditioned medium. In parallel, CXCL12α was also incubated with purified human NE, CG, or proteinase-3. In the top panel, the remaining chemotactic activity of exogenous human CXCL12α was measured on purified BM CD34 + cells in transmigration assays as described in Figure 4a . A representative experiment from three performed in triplicate is shown. The bottom panel shows Western blot analysis of the same samples with a goat anti-human CXCL12 antibody. BM, BM CD34 -cells; Neut, PB neutrophils; NC, nonconditioned medium; P3, proteinase-3.
Figure 7
Pretreatment of BM extracellular fluids from mobilized mice with a specific NE inhibitor together with a specific CG inhibitor prevents degradation and inactivation of CXCL12. Aliquots of synthetic human CXCL12α were incubated overnight at 37°C in the presence of BM extracellular fluids on day 4 of GCSF-induced mobilization and day 6 of CY-induced mobilization that were pretreated with 1 mM PMSF, 10 µM specific NE inhibitor MetOSuc-Ala-Ala-Pro-Val-CMK, or 10 µM specific CG inhibitor MetOSuc-Ala-Ala-Phe-PO(Phe) 2 alone or in combination. In the top panel, the remaining chemotactic activity of exogenous human CXCL12α was measured on purified Nalm-6 cells in transmigration assays as described in Figure 4a . A representative experiment from two performed in triplicate is shown. The bottom panel shows Western blot analysis of the same samples with a goat anti-human CXCL12 antibody. G4, day 4 of GCSF-induced mobilization; CY6, day 6 of CYinduced mobilization.
CG purified from human sputum and the chromogenic substrates MetOSuc-Ala-Ala-Pro-Val paranitroanilide (pNA) and Suc-Ala-Ala-Pro-Phe-pNA, which are specific for NE and CG, respectively (13, 14) , demonstrated unambiguously that MetOSucAla-Ala-Pro-Val-CMK inhibits NE but not CG, whereas MetOSuc-Ala-Ala-Phe-PO(Phe) 2 inhibits CG but not NE (data not shown). Pretreatment of the BM extracellular fluids with MetOSuc-Ala-Ala-Pro-Val-CMK alone significantly reduced the degradation of CXCL12α, as observed by Western blotting (Figure  7b ), but had a marginal effect on the inactivation of the CXCL12α chemotactic activity (Figure 7a ), suggesting that a protease different from NE was present and, like CG, could inactivate CXCL12 activity with a minor shortening of the molecule. MetOSuc-AlaAla-Phe-PO(Phe) 2 alone did not prevent inactivation of the chemotactic activity nor the degradation of CXCL12. However, preincubation of BM extracellular fluids with both MetOSuc-Ala-Ala-Pro-Val-CMK and MetOSuc-Ala-Ala-Phe-PO(Phe) 2 prevented the inactivation and proteolytic degradation of CXCL12α by either CY-mobilized or GCSF-mobilized BM extracellular fluids.
Discussion
In previous studies, we have shown that mobilization by either GCSF or CY is accompanied by (1) a sharp increase in granulocytic precursors and mature granulocytes in the BM, (2) a release of large amounts of active neutrophil serine proteases such as NE and CG, and (3) a loss of VCAM-1 expression in the extravascular compartment of the BM due to proteolytic cleavage by these neutrophil proteases (13, 14) . The current study provides evidence that the chemokine receptor CXCR4 expressed by human CD34 + HPCs is cleaved and truncated within the BM in vivo during mobilization induced by GCSF. Flow cytometry analyses demonstrated that CD34 + cells mobilized into the PB failed to bind the mAb 6H8, which recognizes an epitope located between residues 22 and 25 of the N-terminal extracellular domain of human CXCR4, but still bound mAb 12G5, which binds to the second extracellular domain of human CXCR4, whereas CD34 + cells isolated from steady-state BM were brightly stained by both antibodies. In vitro experiments with the Nalm-6 cell line showed that exposure to the neutrophil proteases NE or CG, which both accumulate in large amounts in GCSF-mobilized BM (13, 14) , resulted in a similar loss of 6H8 binding. Whereas NE treatment did not decrease 12G5 binding, CG treatment significantly reduced 12G5 binding to Nalm-6 cells. This is consistent with the reduced but still significant binding of 12G5 to mobilized CD34 + PBPCs as compared with steady-state BM cells. In accord with previous findings showing that the presence of the 6H8 epitope is absolutely necessary to CXCR4 chemotactic function (23), we show that mobilized CD34 + PBPCs migrated poorly in vitro in response to CXCL12 as compared with steady-state BM CD34 + cells. Furthermore, in vitro treatment of steady-state BM CD34 + cells with either NE or CG decreased both 6H8 expression and chemotactic response to CXCL12, as observed with GCSF-mobilized CD34 + PBPCs. These data indicate that the specific loss of 6H8 binding on mobilized CD34 + PBPCs is sufficient to cause the loss of chemotactic response to CXCL12.
Although a splicing variant with additional amino acids at the N-terminus of both human and mouse CXCR4 has been reported (32, 33) , there is no evidence of a splicing variant lacking the N-terminal residues 22-25 that form the 6H8 epitope of human CXCR4 (24) . Therefore, the loss of the 6H8 epitope in mobilized CD34 + PBPCs is likely to be due to a proteasedependent truncation of the CXCR4 receptor molecule by proteolytic cleavage between the epitope recognized by 6H8 and the first transmembrane domain by NE and CG, two proteases that are both released in large amounts in the BM during mobilization by either GCSF or CY (13, 14) .
The view that the loss of 6H8 expression and CXCR4 function is mediated in vivo by proteases released in the BM during mobilization is supported by the fact that (1) immunohistochemical stains of human BM confirmed that although 6H8 reacts strongly in nonmobilized BM cells, 6H8 reactivity is notably decreased in GCSF-mobilized BM (Figure 2 ), and that (2) an overnight incubation of GCSF-mobilized CD34 + PBPCs at 37°C in the absence of proteases allows re-expression of intact CXCR4 bearing the 6H8 epitope (Figure 1b) . Of note, Petit et al. have reported an increase in CXCR4 expression on BM cells after GCSF administration (34) . However, the antibody used in this study does not recognize the N-terminal region of CXCR4 and so would not detect the truncation and loss of this functionally critical region of the molecule.
In a second series of experiments performed in a mouse model, we demonstrate that the concentration of CXCR4 ligand, the chemokine CXCL12, significantly decreases in BM extracellular fluids from mice mobilized by either GCSF or CY. Using synthetic exogenous human CXCL12α as a target to measure whether BM extracellular fluids acquire the potential to degrade and inactivate endogenous CXCL12, we demonstrate that precisely when HPCs are mobilized into the PB, neutrophil serine proteases able to directly degrade and inactivate the chemotactic activity of CXCL12 are released in BM extracellular fluids (between days 2 and 6 of GCSF-induced mobilization and on day 6 of CY-induced or CY plus GCSF-induced mobilization). This timing coincides precisely with the release of NE and CG in mobilized BM (14) , two neutrophil proteases with the capability to directly degrade and inactivate CXCL12 chemotactic activity. Furthermore, the fact that the combination of the specific NE inhibitor MetOSuc-Ala-Ala-Pro-Val-CMK with the specific CG inhibitor MetOSuc-Ala-Ala-Phe-PO(Phe) 2 was able to block CXCL12 degradation and inactivation by BM extracellular fluids from CY-and GCSF-mobilized mice clearly demonstrates that these two proteases, which are released in the BM extracellular fluid of mobilized mice, are responsible for the degradation of CXCL12.
It must be noted that our findings do not exclude the possibility of additional mechanisms regulating CXCL12 concentration in the BM. For instance, Petit et al. have reported an enhancement of CXCL12 transcription together with a decrease in CXCL12 protein concentration during GCSF-induced mobilization in the mouse (34) . Due to the large amount of active proteases cleaving CXCL12 in the BM (in the range of 1-10 mg/ml in mobilized BM extracellular fluids) (13, 14) precisely when CXCL12 concentration drops and HPCs mobilize, these results together with ours clearly show that the balance between these two antagonistic effects is largely in favor of proteolytic degradation. It can also be argued that CXCL12 may be complexed to the ECM in the BM, protecting it from proteolytic degradation. However, we have evidence that the ECM in the BM is profoundly altered during mobilization (S.K. Nilsson and J.P. Lévesque, unpublished data), probably due to the fact that most ECM proteins and proteoglycans are also substrates of the neutrophil proteases that cleave CXCL12 (35) (36) (37) (38) (39) (40) . It is therefore unlikely that the ECM is able to protect CXCL12 within the BM from proteolytic attack.
Taken together, our data demonstrate that the release of neutrophil proteases in the BM, as a consequence of administration of GCSF or CY, results in the cleavage of both the CXCR4 receptor on human CD34 + HPCs and its ligand CXCL12, which is produced by the BM stroma. It is important to note that the proteolytic cleavage of either CXCR4 (Figure 1 ) (24) or CXCL12 (Figures 4-6 ) by neutrophil proteases leads to the complete inactivation of the CXCR4/CXCL12 chemotactic pathway. Previous studies have demonstrated that either systemic administration of CXCL12/CXCR4 antagonists (41, 42) or the adenovirus-mediated overexpression of CXCL12 in the liver (43) leads to the mobilization of HPCs in the mouse. Therefore, the proteolytic inactivation of CXCR4 expressed by primitive HPCs, combined with the decrease of CXCL12 concentration in the BM, is likely to promote primitive hematopoietic cell mobilization.
Previous studies have shown that perturbation of VLA-4-mediated adhesion to the stromal cellexpressed counter-receptor VCAM-1 is also sufficient to induce mobilization (10) (11) (12) . Of great relevance to this and to the current studies is our recent reports that the neutrophil proteases that inactivate CXCR4 and CXCL12 also cleave VCAM-1 (13, 14) , removing an adhesive ligand with a well-documented role in restricting primitive hematopoietic cells to the BM (6, 9, 10, 44, 45) . Thus, administration of GCSF or chemotherapy to induce blood stem cell mobilization results in the concomitant cleavage of both an adhesive substratum (VCAM-1) and a chemotactic axis (CXCR4 and CXCL12), which together are critical mediators of the retention of primitive hematopoietic cells in the BM. An important issue that is left unresolved by our data is which of these two events, cleavage of VCAM-1 or disruption of the CXCR4/CXCL12 axis, is necessary for GCSF-induced and GCSF/chemotherapy-induced mobilization of HPCs. Is one event necessary and sufficient or are both required? Given that administration of either anti-VCAM-1 mAbs (12) or CXCR4 antagonists (41) can induce significant increases in the levels of circulating HPCs, this might suggest that disruption of either axis alone is sufficient to elicit mobilization. However, the level of mobilization resulting from either of these two perturbations is relatively low when compared with that typically observed after administration of GCSF, suggesting that although blockade of either axis is sufficient to induce mobilization, neither alone provides an optimal stimulus. A more likely scenario, therefore, is that the combination of these two events triggers the egress of HPCs into the PB. In favor of this notion are data demonstrating a functional interdependence between these two pathways. For example, CXCL12 has been shown to potently modulate the affinity state of both β1-and β2-integrins on HPCs (17) . The relative inefficiency of anti-VCAM-1-induced mobilization might therefore be explained by the maintenance of an intact chemotactic axis activating alternative integrin-dependant adhesive interactions. On the other hand, among all the currently known CC and CXC chemokines, the chemotactic responsiveness of hematopoietic stem cells is uniquely restricted to CXCL12 (46), suggesting a much lower level of redundancy in the chemotactic pathways controlling migration of HPCs. Given the remarkably restricted chemokine responsiveness of HPCs, it is reasonable to speculate that the proteolytic inactivation of the CXCR4/CXCL12 axis may represent an event of greater importance to the phenomenon of mobilization than the cleavage of VCAM-1. Further experiments mimicking the cleavage of VCAM-1, CXCL12, and CXCR4 in vivo -such as inducible homozygous deletions of VCAM-1, CXCR4, and CXCL12 geneswill be required to validate this possibility.
